[1] Gusty flow over rough terrain is likely to be a significant source of fast gravity waves and acoustic waves in the atmosphere of Mars, as it is in Earth's atmosphere. Accordingly, we have used a numerical model to study the dissipation in the thermosphere and exosphere of Mars of upward-propagating fast gravity waves and acoustic waves. Model simulations are performed for a range of wave periods and horizontal wavelengths. Wave amplitudes are constrained by the Mars Global Surveyor and Mars Odyssey aerobraking data, and gravity wave phase velocities are limited by occultation data. Dissipating gravity waves heat some regions of the thermosphere and cool others through the effects of sensible heat flux divergence, while acoustic waves mainly heat the Mars thermosphere. Heating rates can be on the order of several hundred Kelvin per day. The cycle-integrated effects on the Jeans escape flux are also investigated and found to be on the order of background values and even greater and might be a significant source of loss of the Martian atmosphere to space.
Introduction
[2] There is a growing body of evidence for the widespread and frequent occurrence of gravity waves in the Martian atmosphere and for their importance in affecting the state of the upper atmosphere [Medvedev et al., 2011; Spiga et al., 2012; Miyoshi et al., 2011; Parish et al., 2009; Forget et al., 2009; Fritts et al., 2006; Ando et al., 2012; Creasey et al., 2006a Creasey et al., , 2006b ]. Wavelike density and temperature variations are seen in stellar occultation profiles in the upper atmosphere [Forget et al., 2009] . Large variances in density occur along quasi-horizontal tracks observed during aerobraking in the lower thermosphere [Fritts et al., 2006] . Large wave-induced thermal effects in the Mars thermosphere related to changes in the background shear caused by wave drag have been simulated by Medvedev et al. [2011] . Medvedev and Yigit [2012] parameterized the effects of sensible heat fluxes induced by gravity waves and found a significant cooling (up to 45 K) in the middle to high latitude upper mesosphere and lower thermosphere during winter.
[3] Gravity wave energy in the Martian lower atmosphere peaks in mountainous regions, and this behavior indicates that the wave source is orographic in nature [Medvedev et al., 2011] . Creasey et al. [2006a] found that gravity wave activity in the lower atmosphere correlates well with topography in some but not all cases. Curiously, accelerometer data show little correlation at lower thermospheric altitudes with the underlying topography Creasey et al. [2006a] . Perhaps this is related to the filtering of slower gravity waves generated by steep terrain and the more extensive regions of hilly terrain that may serve as sources for fast gravity and acoustic waves [Walterscheid and Hickey, 2005] .
[4] Modeling suggests that cold pockets in the upper mesosphere are associated with orographically generated waves [Spiga et al., 2012] . Waves with nonzero phase speed may contribute as well [Medvedev et al., 2011] . Gusty flow over rough terrain in the Earth's troposphere generates fast gravity waves and acoustic waves [Walterscheid and Hickey, 2005] that propagate upward into the Earth's thermosphere and heat it by the wave transport of sensible heat and molecular dissipation [Walterscheid, 1981; Hickey et al., 2001] . Mars has large areas of high terrain with large slopes at typical gravity and acoustic wave scales and gusty surface winds [Aharonson et al., 2001; Lewis et al., 1999; Fenton and Michaels, 2010; Leovy, 2001] which should launch fast waves that travel into the Mars upper atmosphere. Some of these waves will heat Mars' upper atmosphere and, as we will show, induce a cycle-averaged Jeans escape flux. Gravity waves can also cool the upper Mars thermosphere through the effects of sensible heat flux divergence [Walterscheid, 1981; Hickey et al., 2000] . In the case of the upper atmospheres of Earth and Jupiter, dissipating acoustic waves heat the thermosphere Schubert et al., 2003 ]. We will determine if the same holds true for gravity and acoustic waves dissipating in Mars upper atmosphere.
Model
[5] A full-wave model that solves the complete linearized equations of continuity, momentum, and energy for a compressible, viscous, and thermally conducting atmosphere with arbitrary altitude variation in basic state thermal structure is used to calculate the upward propagation of gravity and acoustic waves in the Martian atmosphere. The linearized equations are given in Schubert et al. [2003] . A full-wave model, unlike a Wentzel-Kramers-Brillouin model, rigorously accounts for wave reflection. Details of the model and its application to the upward propagation of gravity waves in the atmospheres of Jupiter and Earth can be found in Hickey et al. [2000] , Walterscheid and Hickey [2001] , and Schubert et al. [2003] . The model domain extends from the surface to altitudes as high as 400 km. The upper boundary height depends on the particular wave being simulated. The radiation condition is applied at the upper boundary.
[6] A sponge layer applied at the top of the model domain insures against spurious wave reflections from the upper boundary. Damping is applied in both the momentum and energy equations. The expression for the Rayleigh friction coefficient K R is
where ω is the wave frequency, subscript u refers to the sponge layers values, z is altitude, and H is a dampingscale height. In all calculations, H u = 40 km and z u is equal to the upper boundary height. The Newtonian cooling coefficient in the sponge layer is taken equal to the Rayleigh friction coefficient.
[7] Below the sponge layer damping is by viscosity only. We consider only nonbreaking waves. Damping has a minimal effect on wave amplitude when ω/σ > > 1, where ω is the wave frequency and σ is the damping rate (the inverse of the damping time scale). With respect to radiative damping, the results of Eckermann et al. [2011] indicate ω/σ > > 1.
The viscous time scale is σ~m 2 ν, where m is the vertical wave number and ν is the kinematic viscosity . The waves we consider are all fast waves with fairly long vertical wavelengths, and they do not experience significant viscous dissipation until they attain lower thermospheric altitudes and higher.
[8] The waves are forced at the ground (z = 0) via a specified boundary condition imposed on the vertical velocity w′.
Model Parameters
[9] Mean state quantities needed in our computations are the same as those used in Parish et al. [2009] . The zonally averaged undisturbed mean state atmosphere for Mars is provided by the Laboratoire de Météorologie Dynamique (LMD) general circulation model Angelats i Coll et al., 2005] . The mean state conditions adopted here are for LS270, northern hemisphere winter solstice, and latitude 45°N. The mean state in the full-wave model simulations is assumed not to vary in time or in the horizontal direction.
[10] The mean temperature and the associated BruntVäisälä and acoustic cutoff periods are shown in Figure 1 for 45°N. Both Brunt-Väisälä and acoustic cutoff periods are evaluated by taking into account the variations of temperature and mean molecular weight with height [Walterscheid and Hecht, 2003; Hickey, 2001, 2005] . The temperature (solid curve) increases from the minimum at the mesopause (~110 km) to a constant with a value of around 260 K above~160 km. Minima in the Brunt-Väisälä period are located near 10, 60, and 125 km with maxima near 35 and 80 km. Values increase monotonically above the uppermost minimum. Increasing values in the isothermal upper thermosphere reflect the change in composition from primarily CO 2 in the lower atmosphere to largely O in the upper thermosphere [Parish et al., 2009] . The acoustic cutoff period is less than the Brunt-Väisälä period, but it shows similar features.
[11] The values of atmospheric parameters simulated by the LMD model have been validated in comparison with observations. In particular, the simulated Mars temperature profile is found to compare favorably with entry temperature profiles from Mars Pathfinder and the two Viking landers . The coefficients of molecular viscosity and thermal conductivity for the background atmosphere are provided by the LMD model [Parish et al., 2009] . Eddy momentum diffusivity is based on values from the Viking spacecraft [Izakov, 1978] . Eddy thermal diffusivity is calculated from the eddy momentum diffusivity, assuming a Prandtl number of 2, based on values estimated for the Earth [Fritts and Dunkerton, 1985; Strobel, 1989] .
[12] The variations with altitude of mean molecular weight M and sound speed c S with altitude are shown in Figure 2 . Note the steep gradient in mean molecular weight between~150 and 250 km as the dominant species changes from carbon dioxide to atomic oxygen. This is reflected in the static stability.
[13] All gravity waves are evanescent for ω > N where ω is wave frequency and N is the Brunt-Väisälä frequency. All acoustic waves are evanescent for ω < ω a where ω a is the acoustic cutoff frequency. Likewise, acoustic waves are evanescent when c < c s , where c is phase speed and c s is sound speed. For gravity waves to propagate from the troposphere (where they are likely generated) to the thermosphere, the period must exceed~14 min. For sound waves, the period must be less than~8 min. For acoustic waves to attain altitudes a few scale heights above the mesopause with significant amplitude, the phase speed must exceed 200 m s À1 ; to attain altitudes high in the exosphere, it must exceed~400 m s À1 . [14] We will consider the upward propagation of fast gravity waves and acoustic waves whose periods, horizontal wavelengths, and horizontal phase velocities are summarized in Table 1 . The periods were chosen to span a large range of acoustic wave frequencies and wave numbers in the infrasonic region and a range of fast gravity waves. The phase speed for gravity waves was chosen to be consistent with the wavelengths inferred for the stratosphere by Ando et al. [2012] .
[15] Amplitudes for all waves were chosen to be consistent with the Mars Global Surveyor and Mars Odyssey accelerometer data, giving mass density fluctuation amplitudes at altitudes near 125 km. The mean amplitude of these fluctuations was large, on the order of 25% of the background state [Fritts et al., 2006] . Fluctuations of this order are inconsistent with a spectrum strongly dominated by slow gravity waves since these waves would far exceed the breakdown level [Orlanski and Bryan, 1969; Walterscheid and Schubert, 1990] . We subdivide the spectrum between the waves to be consistent with amplitude spectra having power spectral slopes of À2 for frequency and wave number. This is done by subdividing the spectrum into finite intervals that increase in width as a power of two with increasing frequency and wave number and then assigning the same amplitude to each.
Slopes of À2 are roughly consistent with terrestrial observations of gravity waves [Hecht et al., 1995; VanZandt, 1982] .
[16] The spectral slope for acoustic waves in the upper atmosphere is not known, but most likely, the waves in the infrasonic range should have the greatest amplitudes with slower waves dominating . Thus, spectral intervals defined in this way contribute roughly equal amounts to the root-mean-square wave amplitude. Subdividing in this way also gives a ω, k spectrum that represents a large sector of the internal wave spectrum for both acoustic and gravity waves. To add an additional measure of conservatism, we divide the amplitudes observed by Fritts et al. [2006] by a factor of 10, giving a relative density amplitude near 125 km of 2.5% for each wave. We normalize the forcing amplitude to give this wave amplitude at 125 km.
[17] The nominal set of acoustic waves is denoted Set 1. The acoustic waves in this set peak in the upper thermosphere and lower exosphere. The gravity waves peak in the lower thermosphere. We will examine wave propagation and heating rates for these waves. We will also examine the heating rates for faster acoustic and gravity waves that reach greater altitudes. This set is denoted Set 2.
[18] Calculations were also performed for acoustic waves with phase speeds of 200 m s À1 . As expected, the waves are strongly attenuated at altitudes above~120 km.
Wave Heating and Cooling
[19] Waves heat or cool the background atmosphere at the rate Q. (degrees per unit time) given to second order by Hickey et al. [2000] ρc p Q ¼σ′ : ∇v′
[20] In (2), the angle brackets denote an x, y, t average (x and y are horizontal Cartesian coordinates, and t is time), z is altitude, T′ is wave temperature perturbation, v ′ is the wave velocity vector,σ ′ is the molecular viscous stress tensor of the wave field, c p is the specific heat at constant pressure, ρ is density, w is vertical velocity, p is pressure, primes refer to wave quantities, and overbars refer to basic state quantities. In (2), the first term on the right side is the heating rate due to viscous dissipation of wave kinetic energy (designated ρc p Q vis ). The second term on the right side of (2) is the sensible heat flux divergence [Walterscheid, 1981] (designated ρc p Q w′T ′ ). The third term on the right side of (2) is the work done per unit time by the wave-induced pressure gradients (designated ρc p Q v′gradp′ ). The fourth term on the right of (2) represents the work done per unit time by the second-order waveinduced Eulerian drift in transporting mass in the gravitational field (designated ρc p Q w′ρ′ ). In writing (2) we have ignored dissipation due to eddy viscosity since eddy viscosity is small compared with molecular viscosity at the thermospheric altitudes where the waves dissipate. In most instances the total wave-induced heating is dominated by the sensible heat flux .
Jeans Escape

Atmospheric Escape Mechanisms
[21] The Martian upper atmosphere escapes to space through a number of different mechanisms. The relative importance of the various escape mechanisms is not well understood. Indeed, a prime objective of NASA's MAVEN mission is to obtain quantitative estimates of the escape rates for the different processes. However, the results of this paper show that Jeans escape can be strongly enhanced by acoustic-gravity waves that reach the upper atmosphere. Here we briefly mention the escape mechanisms that might be important (see the review by Johnson et al. [2008] ).
Jeans Escape
[22] Jeans escape is a thermal loss mechanism involving neutral species at and above the exobase whose velocities exceed the escape velocity (5 km s À1 ) from Mars. If these species are moving in the upward direction at the exobase, they will not suffer any collisions and thus they can be lost to space [Jeans, 1925] . This effectively defines the exobase, the lower boundary of the exosphere.
Photochemical Loss
[23] Escape is like Jeans escape except that the energetic atoms are produced photochemically and are not simply part of the tail of a thermal distribution.
Ion Pickup and Sputtering
[24] Ion pickup occurs mainly on the Sun-facing hemisphere of Mars where the solar wind impinges directly on the upper atmosphere. Ions are created by photoionization, electron impact ionization, and charge exchange. Most of the pickup ions are accelerated over the planet's poles (for a typical solar wind magnetic field) and are lost down the wake. Some pickup ions have trajectories that impact the atmosphere with sufficient energy to impart escape velocity to exospheric neutrals by collisions, a process called atmospheric sputtering.
Solar Energetic Particles
[25] Solar energetic particles are accelerated by solar flares and associated fast coronal mass ejections to much higher energies (10 s of keV to >~100 s of MeV) than pickup ions. They produce sputtering, heating, and ionization effects similar to those by pickup ions, but extending much deeper into the atmosphere.
Ion Bulk Escape
[26] Ion bulk escape occurs when momentum transfer from the impinging solar wind strips off coherent blobs of plasma from the ionosphere. The detached clouds of ions and electrons are carried downstream by the solar wind, analogous to the detached tail of a comet, and lost. 5.1.6. Ion Outflow
[27] Ion outflow is the direct outflow of planetary ions to space on open magnetic field lines that connect to interplanetary field lines. Outflow is driven by outward-directed electric fields and by ion heating. On Mars the loops formed by remnant crustal magnetic fields will connect at times with the interplanetary magnetic field lines, forming cusps and open magnetic field lines along which ions can flow outward.
Wave-Induced Jeans Escape
[28] Here we derive the perturbed Jeans escape due to the effects of heating. The effects of winds should also be considered in a full treatment, but they are very complex and beyond the scope of this paper [Hartle and Mayr, 1976] . The formula for the Jeans escape flux in molecules per unit area and per unit time neglecting winds is [Jeans, 1925] where
and where N is total number density, A ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi kT =2πm p , λ = GMm/kTR c , whence C A = k/2πm and C λ = GMm/kR c . Here k is Boltzmann's constant, T is temperature at the exobase, m is the molecular mass, G is the gravitational constant, M is the planetary mass, and R c is the radius at the height of the exobase. At the exobase altitude (219 km), values of C A and C λ are 49.5 m 2 s À2 K À1 and 4.3 × 10 4 K, respectively. It is convenient to use the log form
Subtracting off the wave-undisturbed part gives
and
To evaluate (9) in terms of temperature, one needs
Results
[29] Figure 3a shows altitude profiles of the amplitude and phase of the temperature perturbation for the five Set 1 acoustic waves whose properties are listed in Table 1 . The phases are shown in Figure 3b , where only three waves are shown for clarity. The longer period waves propagate progressively higher before they are attenuated by a combination of evanescence and viscosity and thermal conduction. The feature in the phase variation near 120 km for the 8 min wave is due to the proximity of the wave frequency to the acoustic cutoff frequency. The phase speed for these waves is equal to the sound speed near 200 km, and no wave in the set propagates above this level to a significant extent. Above~200 km the phase variations of all waves exhibit evanescence modified by viscous dissipation, which induces a real (propagating) component for waves that would otherwise be purely evanescent (and exhibit constant phase). The largest temperature amplitude is 11 K for the 4 min wave, peaking near 180 km. The smallest amplitude is 2 K for the 30 s wave. It is the lowest peaking wave, with the peak found near 140 K. The peak altitudes for each acoustic wave and the corresponding value of T′ are given in Table 2 .
[30] Figure 4a shows altitude profiles of the amplitude and phase of the temperature perturbation for the two Set 1 gravity waves listed in Table 1 . These waves peak in the lower thermosphere and produce both heating and cooling. The 32 min wave peaks near 130 km, with the 16 min wave peaking somewhat higher. The amplitude of the 16 min wave is 7 K and that of the 32 min wave is 5 K. The peak altitudes for each gravity wave and the corresponding value of T′ are given in Table 2 . The phases are shown in Figure 4b . The phases indicate vertical prorogation with fairly short vertical wavelengths until the waves begin to dissipate in the lower thermosphere. The waves are strongly affected by dissipation by 175 km altitude where the phase variation is transitioning from a nearly linear decrease with altitude indicative of freely propagating waves to altitude independence indicative of strongly dissipating waves.
[31] Figure 5 shows the total wave-induced heating rate (Kelvin day
À1
) for each acoustic wave in Set 1. The peak heating occurs slightly higher than the T′ amplitude peaks, except for the 8 min wave which is double peaked with the upper peak about 50 km above its corresponding T′ peak. The amplitude of the heating is ordered like the T′ amplitudes. The peak heating for the 4 min wave slightly exceeds 400 K day
. The heating for the 2 and 1 min waves are, respectively, 280 and 150 K day À1 . The heating rate for the 30 s wave is least, with the heating around 70 K day À1 . The peak altitudes for each acoustic wave and the corresponding values of Q are given in Table 3 . Table 1 . [32] The double maximum seen in the results for the 8 min wave is explained by the heating due to the viscous flux of wave kinetic energy (kinetic energy transported by viscosity) that can dominate for waves that reach altitudes where viscous dissipation is extremely large . See also Figure 7 .
[33] Figure 6 shows the total wave-induced heating rate for the two Set 1 gravity waves listed in Table 1 . For the gravity waves both heating and cooling are seen, the heating/cooling rates for the 16 min wave being significantly greater than for the 32 min wave. The ordering reflects the relative amplitudes of the two waves. The cooling for both waves peaks near 160 km, with the cooling rate being À52 K day À1 for the 16 min wave and~À11 K day À1 for the 32 min wave. The heating for the 16 min wave peaks around 140 km with a rate of 12 K day
; for the 32 min wave heating peaks near 125 km with a rate of 3 K day
. That the cooling is greater than the heating reflects the lower background densities where the cooling occurs. The net density-weighted heating and cooling is small [Walterscheid, 1984] . The peak altitudes for each gravity wave and the corresponding value of Q are given in Table 3 .
[34] Figure 7 shows altitude profiles of the total waveinduced heating rate for each acoustic wave in Set 2 whose properties are listed in Table 1 . The waves in this set propagate higher than those in Set 1 before they are attenuated. They grow to larger amplitudes and peak Table 1 . where the background density is lower, and this is reflected in the heating. For the same periods, the heating is about a factor of~2-3 greater than for the Set 1 waves. The heating peaks about 25 km higher for the three waves with the largest heating rates.
[35] The cycle-averaged Jeans escape flux for the waves in Set 1 (Table 1 ) evaluated at the exobase (near 220 km) from (9) -(11) is given in Table 4 . Only the two waves that have appreciable amplitudes at the exobase have significant values. These are the 4 and the 8 min waves. For the former the wave-induced flux is~50% of the background flux, and for the latter it is~320%, far-exceeding background levels. The cycle-averaged flux for the gravity waves is negligible, because they dissipate far below the exobase.
[36] The cycle-averaged Jeans escape flux for the waves in Set 2 (Table 1) evaluated at the exobase is given in Table 5 . The Jeans escape flux for the 4 and 8 min waves has been greatly increased by the fact that the faster waves reach higher altitudes before they are attenuated and thus have greater amplitudes near the exobase. The amplitudes have increased by nearly an order of magnitude.
[37] Only the two waves that have appreciable amplitudes at the exobase have significant values. These are the 4 and the 8 min waves. For the former the wave-induced flux is~1200% of the background flux, and for the latter it is~2900%, thus far-exceeding background levels. The cycle-averaged flux for the gravity waves is negligible, because they dissipate far below the exobase.
[38] We also examined fast gravity waves with a phase speed of 150 m s À1 and periods of 16 and 32 min. The 32 min wave is given in Table 1 , Set 2 waves. The 16 min wave was evanescent in the lower thermosphere and had neither appreciable amplitude in the upper thermosphere nor any appreciable effect on Jeans escape. The results for the 32 min wave are given in Figure 8 (heating) and Table 5 (Jeans escape flux). The heating in the upper thermosphere is significant with a peak heating of 300 K day À1 near 200 km. Table 1 . There are comparatively minor regions of heating (cooling) near 160 km (190 km) with rates of 50 K day
). The existence of the added upper region of heating (relatable to the viscous flux of kinetic energy) is a characteristic of fast gravity waves not too far from evanescence . Wave-induced Jeans escape is considerable for this wave being on the order of 10 times background.
Discussion and Conclusions
[39] We have calculated prodigious heating rates for acoustic waves that reach the exosphere and upper thermosphere. The amplitudes we calculate are consistent with the terrestrial values found for waves launched by gusty flow over rough terrain [Walterscheid and Hickey, 2005] . The net effect of the heating will be reduced by intermittency and localization. However, the heating rates suggest that the heating over a geographically extensive area of sources can be quite significant. It has been suggested that wave heating is responsible for the terrestrial "hot spot" located over the Andes [Meriwether et al., 1996 [Meriwether et al., , 1997 Walterscheid and Hickey, 2005] . A similar mechanism might account in good part for the large thermospheric heating that occurs during Martian dust storms [Lillis et al., 2008] . This is because during dust storms one expects the generation of acoustic and fast gravity waves by gusty flow over rough terrain to be greatly increased.
[40] Significant heating and cooling rates are found for gravity waves in the thermosphere. Typical waves with phase speeds on the order of tens of meters per second heat and cool the lower thermosphere, while faster waves contribute to heating and cooling of the upper thermosphere. The heating/cooling rates produced by the 50 m s À1 wave shown in Figure 6 may be compared with those shown in Medvedev and Yigit [2012] . These authors showed heating and cooling rates produced by waves with phase speeds ≤ 60 m s À1 for altitudes up to 160 km. The heating rates between 100 and 160 km, where the main contribution is from fast waves, are similar to those for the 16 min, 50 m s À1 wave (a few tens of degrees Kelvin).
[41] We have calculated the temperature effects on cycleaveraged, wave-perturbed Jeans flux for the acoustic and gravity waves sets given in Table 1 . We find that for acoustic waves with periods of minutes that reach the upper thermosphere with significant amplitudes, the perturbed Jeans flux can far exceed background levels. This occurs because of the exponential dependence of the Jeans flux on temperature. When intermittency and localization are taken into account, wave-induced Jeans flux might not be large compared to the background flux, but our calculations suggest that the wave-induced component may be a significant factor in atmospheric loss.
[42] We have chosen wave amplitudes to be roughly consistent with a dominance of fast waves seen near 125 km altitude in the Mars Global Surveyor and Mars Odyssey data [Fritts et al., 2006] . We have diminished the observed amplitudes by 30% and partitioned the remaining energy equally among seven waves, so that each wave has the observed amplitude reduced by a factor of 10. We chose variable frequency and wavelength spacing to give nearly equal contributions to the total root-mean-square amplitude for each period-wavelength bin. This gives thermospheric amplitudes that are roughly consistent with values inferred for waves excited by gusty flow over rough terrain. An alternate approach where wave amplitudes are varied with period and wavelength would give relatively larger waves at longer periods and wavelengths. However, these are the waves that attain greater altitudes with large amplitudes and give the largest heating rates and Jeans escape. In addition, we have not included the effect of perturbation winds or wave-induced heating of the mean state on Jeans escape [Hartle and Mayr, 1976] . Thus, we believe that our approach gives relatively conservative estimates of the heating and Jeans escape effects of waves.
[43] The exobase altitude we calculate is significantly greater than values in the range 165 to 195 km calculated by Valeille et al. [2009] using the same criterion (where the scale height equals the mean free path). If the exobase were in the middle of the range calculated by Valeille et al. [2009] , rather than 219 km, then Jeans escape would be very much greater for the 1 and 2 min acoustic waves and much diminished for the slower 4 and 8 min waves.
[44] We have only considered a single basic state profile. However, except possibly for the 50 ms À1 wave (which does not play a major role in thermospheric heating or in Jeans escape), we do not expect a dependency on background conditions that would negate the indications of our calculations. The mid-latitude profile that we have chosen is representative of a large range of conditions. The strongest dependency affecting wave propagation should be on winds through the intrinsic frequency (viscous attenuation and evanescence). The waves that contribute most to heating and Jeans escape in the thermosphere are fast waves (speeds of 300-400 m s À1 ) whose intrinsic frequencies are not unduly sensitive to moderate differences in background winds. The most profound wind effects are at critical levels, and these could be Table 1. encountered above 120 km altitude depending on season, latitude, and local time. The Mars Climate Database (http://www-mars.lmd.jussieu.fr) shows that for LS = 270 the northern hemisphere zonal wind variation over longitude at 200 km shows a maximum with speeds of around 300 m s À1 , while the meridional wind maximum is around 200 m s À1 . Winds away from these maxima are far weaker. Zonally propagating fast waves might encounter a critical level, while waves propagating meridionally or against the wind should avoid critical level absorption. Except to the extent that intrinsic frequency depends on the azimuth of wave propagation, the effects we consider (wave heating and Jeans escape) are independent of the azimuth of propagation. This is in contrast to drag where the azimuth of mean state acceleration is inherently dependent on the azimuth of wave propagation. A fuller study beyond this initial demonstration that fast waves can have large effects on Jeans escape should explore seasonal and latitudinal variations of the basic state and account for the effects of winds.
[45] We conclude that acoustic waves and very fast gravity waves may be a significant source of heating and Jeans escape for the upper thermosphere of Mars.
